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centration,	 and	 N:P	 ratio	 in	 green	 leaves	 ([N:P]g)	 were	 linearly	 correlated	 with	
precipitation.	Nitrogen	resorption	efficiency	decreased,	whereas	phosphorus	resorp-
tion	efficiency	except	for	sedge	 increased	with	 increasing	precipitation,	 indicating	a	
greater	 nutrient	 conservation	 in	 nutrient-	poor	 environment.	 The	 surveyed	 alpine	
plants	except	for	legume	had	obviously	higher	N	and	P	resorption	efficiencies	than	the	
world	 mean	 levels.	 Legumes	 had	 higher	 N	 concentrations	 in	 green	 and	 senesced	
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1  | INTRODUCTION





is,	 internal	 nutrient	 recycling	 is	 one	 of	 the	most	 important	 nutrient	
conservation	mechanisms	 to	 increase	plant	 fitness	 and	 improve	nu-
trient	 cycling	 especially	 in	 nutrient-	poor	 environment	 (Aerts,	 1996).	


















Soil	 nutrient	 availability	 (Aerts	 &	 Chapin,	 1999;	 Brant	 &	 Chen,	
2015;	Yuan	 &	 Chen,	 2009)	 or	 the	 nutrients	 in	 plant	 tissues	 (Kobe,	
Lepczyk,	&	Iyer,	2005;	Ratnam,	Sankaran,	Hanan,	Grant,	&	Zambatis,	
2008;	 Vergutz	 et	al.,	 2012)	 largely	 control	 nutrient	 resorption	 effi-
ciency.	So	plants	in	nutrient-	limited	environment	are	likely	to	evolve	
with	 specific	 conservative	 strategies	of	 the	adaptation	 to	 low	nutri-
ent	stress.	Soil	nutrient	availability	and	leaf	nutrient	concentration	are	




example,	 the	N:P	ratio	of	green	 leaves	 ([N:P]g)	 is	widely	used	to	de-
scribe	the	relative	limitation	of	N	and	P	on	plant	growth.	Concretely,	
a	higher	 [N:P]g	means	 that	P	 limitation	 is	comparably	higher	 than	N	
limitation	 (Gusewell,	 2004;	 Ratnam	 et	al.,	 2008;	 Tessier	 &	 Raynal,	
2003).	As	a	 result,	P	 resorption	efficiency	 increases	while	N	resorp-
tion	efficiency	decreases	with	increasing	[N:P]g.	However,	the	relative	
contribution	of	 soil	 nutrients	 and	 leaf	 stoichiometry	 to	 leaf	nutrient	
resorption	remains	unclear.
In	 regional	 and	 local	 scale,	precipitation	 is	 a	key	 factor	 to	affect	










phorus	 limit	 (Delgado-	Baquerizo	 et	al.,	 2013;	Wardle,	 2013)	will	 af-
fect	plant	growth	and	internal	nutrient	cycling.	Deciduous	shrubs	can	
adapt	drought	by	ways	of	multiple	leaf	production	cycle	in	one	grow-

















Nevertheless,	 it	 is	still	 inconclusive	in	the	question	whether	nutrient	




Overall,	 most	 studies	 so	 far	 are	 concentrated	 in	 woody	 plants.	
Furthermore,	 large	scale	patterns	are	mostly	based	on	published	 lit-





In	 addition,	 the	 functional	 types	 are	 separated	 according	 to	 growth	




Now	 there	 are	 few	 studies	of	 leaf	nutrient	 resorption	 in	 alpine	
meadows	 of	 east	Tibet	 (Jiang	 et	al.,	 2012;	 Liang,	 Zhang,	 &	 Zhang,	
2015).	Our	team	explored	leaf	nitrogen	resorption	efficiency	of	Stipa 
purpurea	 along	 the	 precipitation	 gradient	 (Zhao	 et	al.,	 2016).	 The	
rich	function	groups	of	widespread	herbs	provide	opportunities	for	
studying	 the	 patterns	 of	 species-	specific	 nutrient	 resorption	 along	
environment	gradients,	for	example,	across	precipitation	amplitude.	
However,	we	 still	 lack	 a	 predictive	 understanding	 of	 the	main	 and	
interactive	 effects	 of	 soil	 nutrient	 availability,	 leaf	 nutrient	 stoichi-
ometry	 on	 the	 nutrient	 resorption	 of	 different	 functional	 groups.	
The	main	objectives	of	 this	 study	were	 to:	 (1)	 assess	 leaf	N	and	P	
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resorption	patterns	along	the	precipitation	gradient;	(2)	discriminate	
species-	specific	difference	among	functional	groups;	and	 (3)	deter-
minate	what	 are	 the	main	 controls	 of	 these	 patterns.	We	 hypoth-
esized	 that	 the	 patterns	 of	 N	 and	 P	 resorption	 efficiencies	would	
increase	 in	N-	 and	 P-	poor	 environment,	 respectively,	which	would	
be	regulated	by	precipitation	and	differentiated	by	functional	groups	
along	a	precipitation	gradient.	To	 test	 these	hypotheses,	we	chose	







2  | MATERIALS AND METHODS
2.1 | Study area
Changtang	Plateau	 is	 the	main	 part	 of	 Tibetan	Plateau,	 locating	 in	
northwest	 Tibetan	 Autonomous	 Region,	 China	 (29°53′–36°32′N;	
78°41′–92°16′E)	with	an	average	altitude	of	4,400	m.	A	remarkable	
precipitation	gradient	(<100–700	mm)	spans	1,500	km	with	succes-
sive	grasslands	of	alpine	desert,	 steppe	and	meadow	 from	west	 to	
east.	The	alpine	vegetation	is	dominated	by	alpine	steppe	with	wide-
spread	 species	 of	 Stipa purpurea	 Griseb.,	Carex moorcroftii	 Falc.	 ex	
Boott,	and	a	variety	of	 forbs	 (Li,	2000;	Wu,	Shen,	&	Zhang,	2014).	
N-	fixed	 legumes,	 for	 example,	 species	of	Oxytropis	 are	 common	 in	
western	arid	side	of	the	Plateau.	Soil	nutrient	is	relatively	low,	with	
soil	 organic	matter	 increase	 from	 <1.0%	 to	 4.0%	 and	 total	N	 (TN)	
from	 0.02%	 to	 0.2%,	 respectively	 (Li,	 1980).	 Soil	 nutrient	 closely	
coupling	with	soil	moisture	in	the	precipitation	gradient	plays	an	im-




and	 annual	mean	 aridity	 index	 is	 in	 the	 range	of	 1.6–20	 (Mao,	 Lu,	
Zheng,	&	Zhang,	2006).	It	is	cold	on	the	Plateau	with	an	annual	mean	
temperature	 (AMT)	of	 less	 than	0°C,	and	an	annual	 temperature	 in	
the	warmest	month	(July)	of	less	than	14°C	in	most	of	the	area	(Yang,	
Zhang,	Miao,	&	Wei,	2003).	The	longitudinal	change	of	AMT	is	less	
than	 2°C	 despite	 substantial	 precipitation	 range	 in	 32°N	 latitude	
sampling	transect	in	the	Changtang	Plateau.











functional	 types:	 legume	 (Oxytropis	 sp.),	 grass	 (S. purpurea),	 sedge	
(C. moorcroftii),	and	forb	 (Potentilla bifurca	L),	which	were	present	at	
most	sites	with	sufficient	individuals	for	sampling.
Species	of	aforementioned	 four	 functional	groups	were	selected	







All	 leaf	 samples	were	 oven-	dried	 at	 65°C	 for	 48	hr	 to	 constant	
weight	 and	 ground	 using	 a	 mill	 before	 passing	 through	 a	 60-	mesh	
screen.	 The	 soil	 samples	 were	 ground	 to	 a	 100-	mesh	 sieve	 after	
air-	drying.	 The	 C/N	 analyzer	 (Elementar	 Vario	 Max,	 Germany)	 was	
used	 to	 test	 leaf	N	 concentration	 and	 soil	 total	N,	 and	 the	 sulfuric	
TABLE  1 The	location	and	environmental	characteristics	of	sampling	sites
Site Latitude (°) Longitude (°) Elevation (m) MAP (mm) MAT (°C) Common species
1 31.5882 91.6590 4,635 525.44 −0.4 Stipa purpurea,	Carex moorcroftii,	Potentilla bifurca
2 31.3971 90.8138 4,619 466.13 0.1 S. purpurea
3 31.3942 90.3135 4,632 432.63 0.2 S. purpurea,	C. moorcroftii
4 31.6226 89.4819 4,660 394.95 −0.7 S. purpurea,	P. bifurca
5 31.7149 88.5858 4,558 366.65 −1.0 S. purpurea
6 31.8696 87.8611 4,570 344.11 −1.4 S. purpurea
7 31.7940 87.3316 4,557 327.59 −0.9 S. purpurea,	C. moorcroftii,	Oxytropis	sp.
8 32.0846 86.9078 4,615 310.80 −1.5 S. purpurea,	O. sp.,	P. bifurca
9 31.9039 86.3425 4,756 291.65 −0.8 S. purpurea
10 31.9944 85.5666 4,928 261.1 −0.6 S. purpurea,	C. moorcroftii,	O. sp.
11 31.9949 84.8298 4,591 230.18 0.6 S. purpurea,	C. moorcroftii,	O. sp., P. bifurca
12 32.2682 84.3156 4,498 204.25 0.7 S. purpurea,	O. sp.
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acid–perchlorate	acid	heating	digestion	method	was	used	to	measure	
leaf	P	concentration	and	total	soil	P	(TP).
2.3 | Data processing and statistical analysis
Leaf	nutrient	resorption	efficiency	(RE)	refers	to	percentage	reduction	

















between	 nutrient	 resorption	 efficiencies	 and	 environmental	 factors	







based	SMATR	package	allows	 testing	 for	homogeneity	 among	SMA	
slopes	via	a	permutation	test	(Falster,	Warton,	&	Wright,	2006).
Considering	 substantial	 differences	 in	N	concentration	 and	NRE	
between	 legumes	and	nonlegumes,	and	 in	P	concentration	and	PRE	





constructs.	 SEM	 combines	 factor	 analysis	 and	 multiple	 regression	
analysis	and	estimates	the	multiple	and	interrelated	dependence	in	a	
single	 analysis	 (Grace	&	Pugesek,	 1997;	 Shipley,	 2001).	To	 evaluate	
the	contributions	of	different	 factors	 to	 leaf	nutrient	 resorption,	we	
conducted	a	theoretical	structure	relating	direct	and	indirect	relation-
ships	 among	 these	 factors	 and	 leaf	 nutrient	 resorption,	 and	 tested	
























P	 concentrations	 in	 green	 leaves	 (Pg)	 and	 senesced	 leaves	 (Ps)	 than	




group Ng (g/kg) Ns (g/kg) Pg (g/kg) Ps (g/kg) [N:P]g [N:P]s NRE (%) PRE (%)
Grass	
(S. purpurea)




25.90	±	1.92a 6.8	±	0.59a 1.08	±	0.08a 0.14	±	0.01a 24.36	±	2.28a 49.8	±	3.58a 73.7	±	1.5a 87.4	±	0.5a
Forb	
(P. bifurca)
28.06	±	1.79a 7.38	±	0.26a 1.77	±	0.04b 0.47	±	0.15b 15.86	±	1.09a 21.72	±	6.55b 73.5	±	1.0a 73.3	±	8.5a,b
Legume	
(O. sp.)
33.93	±	1.91b 18.00	±	1.58b 1.28	±	0.21a 0.42	±	0.05b 31.99	±	8.49a 46.4	±	8.27a 47.2	±	1.9b 62.0	±	9.0b
Values	are	presented	as	mean	concentrations	±	standard	error.
Within	any	column,	different	letters	indicate	significant	differences	(p < .05)	between	functional	types	based	on	post	hoc	comparisons	(Turkey	HSD	tests).
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functional	types.	However,	forbs	had	a	remarkably	higher	[N:P]s	than	
the	other	species	(Table	2).
3.2 | The patterns of soil, leaf nutrient, and leaf 





MAP	 (Figure	2c).	 The	 [N:P]g	 of	 S. purpurea	 and	P. bifurca	 decreased	
with	MAP,	but	the	latter	decreased	very	gently	(Figure	2d).
N	 resorption	 efficiency	 decreased	 with	 increasing	 MAP.	 But	
Oxytropis	sp.	had	much	lower	and	sharper	decline	NRE	than	other	
species	(Figure	3a).	The	PRE	of	sedge,	C. moorcroftii	decreased	lin-
early	while	 those	 of	 other	 species	 increased	 asymptotically	with	
increasing	MAP	 (Figure	3b).	The	Ns,	 namely	NRP,	 of	 legume	was	
relatively	 high	 and	 increased	 with	 increasing	 MAP	 in	 arid	 side,	
whereas	 those	 of	 nonlegumes	 had	 lower	 values	 and	 exhibited	
no	 trends	 in	 precipitation	 gradient	 (Figure	3c).	 Except	 for	 sedge,	
the	 remaining	 species	 had	 decreasing	 Ps,	 that	 is,	 PRP	with	MAP	
(Figure	3d).
3.3 | The influence of soil and leaf nutrient on leaf 
nutrient resorption
Except	for	legume,	NRE,	but	not	NPR	was	negatively	correlated	with	
TN.	 Compared	 with	 nonlegumes,	 legume	 had	 lower	 levels	 of	 NRE	
and	NRP	under	the	same	TN	(Figure	4a,	c).	Except	for	sedge,	that	is,	





3.4 | The influence of leaf N and P stoichiometry on 
leaf nutrient resorption
Standardized	 major	 axis	 regression	 showed	 that	 NRE	 significantly	
increased	and	PRE	 (excluding	sedge)	decreased	with	 [N:P]g,	 respec-
tively.	Significant	difference	existed	among	the	slopes	of	RE	against	
[N:P]g	 across	 functional	 types,	 indicating	 species-	specific	 response	
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NRP	with	[N:P]g.	PRP	was	correlated	with	[N:P]g	except	for	S. purpurea 
(Table	3).
3.5 | The contribution of different controlling factors 





a1).	 NRE	 of	 legume	was	mainly	 affected	 by	 [N:P]g	 and	MAP.	MAP	



























west	 to	east.	The	 trends	were	also	exhibited	 in	different	 functional	
groups.	 The	observed	patterns	of	 leaf	 nutrient	 conservation	 strate-
gies	 were	 affected	 by	 soil	 nutrient	 conditions,	 leaf	 stoichiometry,	
and	differentiated	from	functional	species,	which	were	regulated	by	
precipitation.
4.1 | N and P resorption patterns along the 
precipitation gradient
Along	 the	 precipitation	 gradient	 on	 the	 Plateau,	 soil	 TN	 increased	
while	 TP	 decreased	 with	 precipitation,	 indicating	 that	 precipita-











Stipa purpurea 36 0.20 .03 0.10 <0.01
Carex moorcroftii 15 0.52 .02 0.33
Potentilla bifurca 12 0.53 .04 0.27
Oxytropis	sp. 15 0.55 .01 0.21
PRE	(%)	vs.	Log	
[N:P]g
S. purpurea 36 0.81 <.01 −0.70 <0.01
C. moorcroftii 15 0.35 .07 0.23
P. bifurca 12 0.61 .02 −2.34
O.	sp. 15 0.65 <.01 −0.94
Log	Ns	vs.	Log	
[N:P]g
S. purpurea 36 0.02 .53 0.25 <0.01
C. moorcroftii 15 0.01 .80 0.85
P. bifurca 12 0.52 .05 0.53
O.	sp. 15 0.23 .16 −0.41
Log	Ps	vs.	Log	
[N:P]g
S. purpurea 36 0.02 .53 −0.58 <0.01
C. moorcroftii 15 0.58 .01 −1.26
P. bifurca 12 0.56 .03 4.21
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et	al.,	 2003;	Paul	 et	al.,	 2003;	Wu	et	al.,	 2013).	N	 is	mainly	derived	
from	biogeochemical	processes,	and	P	is	mainly	derived	from	physi-
cal	processes.	At	 the	more	arid	end	of	 the	precipitation	gradient,	N	




soil	 nutrient	 gradient,	 the	 patterns	 of	NRE	 decreased,	 but	 PRE	 de-
creased	with	increasing	precipitation,	suggesting	that	plants	under	N	
and	P	 limitation	 are	 likely	 to	 increase	N	 and	P	 resorption	 from	 the	


















































































χ2 = 0.13, p = .94 (a1)
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associated	with	 precipitation	 (Yuan	&	Chen,	 2009),	 but	 contrary	 to	
the	 result	 of	 both	 PRE	 and	 NRE	 decreased	 with	 precipitation	 by	
Vergutz	et	al.	(2012).	This	result	suggests	that	N	and	P	resorption	is	
more	divergently	dependent	on	element	 limitation	 itself	 rather	than	
soil	fertility.
Our	measured	mean	Ng	of	each	functional	type	was	higher	than	
that	 reported	 in	 humid	 alpine	 meadow	 of	 east	 Tibet	 (Jiang	 et	al.,	
2012;	Liang	et	al.,	2015)	and	the	global	average	 (Reich,	Oleksyn,	&	
Tilman,	2004;	Vergutz	et	al.,	2012),	while	mean	Pg	of	each	functional	
type	was	much	 lower	 than	 the	 global	 average	 (Reich	 et	al.,	 2004).	
This	result	indicated	alpine	plants	were	more	limited	by	phosphorus	
than	 nitrogen,	 and	were	 likely	 to	 better	 adapt	 to	 alpine	 and	 infer-
tile	environment.	Except	 for	 legume,	both	N	and	P	 resorption	effi-
ciencies	 of	 other	 functional	 types	 showed	 obviously	 higher	 values	
than	 the	 global-	scale	 average	 compiled	 by	Aerts	 (1996)	 and	Yuan	
and	 Chen	 (2009),	 suggesting	 very	 efficient	 nutrient	 conservation	
of	 alpine	plants	 on	 the	Plateau.	 Leaf	 nutrient	 resorption	 is	 consid-
ered	highly	proficient	if	Ns	and	Ps	are	below	7	and	0.5	g/kg,	respec-
tively,	and	as	ultimate	potential	 resorption	 if	Ns	and	Ps	as	 low	as	3	
and	 0.1	g/kg,	 respectively	 (Killingbeck,	 1996).	 Accordingly,	 alpine	





Reich,	 2009).	Moreover,	 the	PRE	of	 different	 functional	 types	was	
higher	than	the	NRE,	indicated	that	P	is	more	limited	than	N	on	the	
Changtang	Plateau.












effective	 to	 reduce	 the	 impact	 of	 leaf	 area	 changes.	Therefore,	 this	
study	may	not	lead	to	too	much	underestimation.	Even	though	under-
estimation,	our	uncorrected	resorption	efficiencies	for	N	and	P	were	
higher	 than	the	corrected	world	means	of	N	 (62.1%)	and	P	 (64.9%),	
respectively	 (Vergutz	 et	al.,	 2012).	 Therefore,	 our	 study	 unraveled	
the	fact	of	nutrient	resorption	higher	on	the	Plateau	than	the	world	
average.	The	only	unbiased	method	estimate	resorption	 is	based	on	
measurement	of	nutrient	pools	 in	 the	 same	 leaves	before	and	after	
senescence	(Vergutz	et	al.,	2012).	However,	due	to	the	long-	distance	
sampling	in	different	seasons,	this	expectation	is	difficult	to	be	realized	
for	 nondestructive	 sampling.	Nevertheless,	 leaf	 shrinkage	 and	mass	
loss	deserve	to	be	considered	in	order	to	avoid	of	real	estimation	of	
resorption	efficiency.





















sharper	than	Ns	 in	 legume,	but	Ng	decrease	faster	than	Ns	 in	nonle-

























points	 showed	 no	 significant	 trends	 of	 Pg	 and	 Ps	 to	 support	 above	
speculation,	it	was	directly	supported	by	the	evidence	that	sedge	had	
deep	and	looser	roots	in	arid	side	but	shallow	and	denser	roots	mass	
in	 humid	 side	 on	 the	 Plateau	 (data	 not	 shown)	 and	 previous	 study	
(Fort,	Jouany,	&	Cruz,	2013).	The	significant	higher	PRE	of	 sedge	 in	
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the	precipitation	gradient	was	due	to	very	low	Ps	rather	than	higher	Pg,	
which	is	considered	trade-	off	between	them	(Deng	et	al.,	2016).	Liang	
et	al.	 (2015)	 also	 show	 that	 graminoids	 have	 the	 lowest	 nutrient	 in	
senesced	leaves.	Moreover,	the	sedge	leaf	habit	of	creeping	rhizomes	
and	dense	roots	might	dilute	 the	phosphorous	contents	 in	 leaves	 in	
P-	limited	environment.	Further,	sedges	have	low	P	uptake	in	the	low	
soil	P	availability	(Perez-	Corona	&	Verhoeven,	1996).	And	highly	dense	




itive	advantage	 in	nutrient-	poor	environments	 than	other	 functional	
groups	(Gusewell,	2004).	This	further	explains	why	the	sedges	are	the	
dominant	functional	groups	in	alpine	regions.
4.3 | Controls of N and P resorption









&	Chapin,	 1999).	 Plants	 grown	 in	 nutrient-	poor	 environments	 have	





















green	 leaves	 in	the	arid	areas	on	the	Plateau.	This	 is	partly	because	
drought	stress	strengthens	the	protection	of	internal	water	contents	
by	increasing	N	input	to	the	nonphotosynthetic	tissues	in	leaves	and	












limitation	 in	 arid	or	 semiarid	 ecosystems,	 and	 leaf	 resorption	 is	 not	
necessarily	correlated	with	leaf	nutrient	(Newman	&	Hart,	2015).
4.3.3 | Influence of leaf nutrient stoichiometry






the	 precipitation	 gradient	 on	 the	 Changtang	 Plateau,	 TN	 increased	
while	 TP	 decreased	 with	 increasing	 precipitation	 (Figure	2b),	 in	 line	
with	the	previous	studies	of	increasing	soil	N	availability	(Drury	et	al.,	
2003;	Paul	 et	al.,	 2003;	Wu	et	al.,	 2013)	 and	decreasing	 soil	P	 avail-





















tion	with	 increasing	 precipitation	 on	 the	 Changtang	 Plateau,	 Tibet.	
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P	was	proved	 to	be	more	 limited	 than	N	for	plant	nutrient	use	and	
growth	especially	in	the	eastern	humid	end.	Both	N	and	P	resorption	
exhibited	 higher	 levels	 compared	 with	 the	 world	 average,	 indicat-
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